We studied seasonal abundance, vertical distribution and life history traits of the
INTRODUCTION
Upogebia pusilla (Petagna, 1792) [=U. litoralis (Risso, 1816) ] is one of the common decapod crustacean species of the family Upogebiidae (ATKINSON & FROGLIA, 2000; ATKINSON & TAYLOR, 2005; ROBLES et al., 2009; DE GRAVE et al., 2009; CONIDES et al., 2012) , occurring in Mediterranean mediolittoral and subtidal soft sediments (DWORSCHAK, 1987a) . As other thalassinidean species, U. pusilla used to be, and still is in some areas, harvested for use as bait for commercial and recreational fishing (INGLE, and a shallow bay on the Mediterranean coast in Slovenia.
3) To relate the time of the year and environmental conditions with the species abundance.
MATERIAL AND METHODS

Sampling localities
Mud shrimps were collected in the intertidal zone at two localities (Lazaret and Strunjan) on the Slovenian coast. In Lazaret, samples were collected in October and December 2011, and in February, April, June, and August 2012, while in Strunjan, samples were collected in November 2011, and in January, March, May, July and September 2012.
Lazaret (45° 32' 52" N, 13° 46' 8" E; Fig. 1 ) is located close to the Slovenian-Italian border in San Bartolomeo Bay. The surrounding area includes agricultural lands (vineyards, olive groves and fields) with scattered settlements in between. Outflows of five small artificial channels flow in the bay, supposedly without significant hydro-morphological loads (ANONY-MOUS, 2013) . In this shallow area Cymodocea nodosa and most predominantely Zostera noltii (Hornemann, 1832) are present. Except for some Cyanobacteria biofilms, the upper mediolittoral horizon hosted almost no vegetation during the entire period of sampling. The highest part, however, is covered by halophytic vegetation of Spartina maritima (Curtis) Fernald and Juncus acutus L. (GLASNOVIĆ, 2006; MAČEK, 2013) .
In Strunjan Landscape Park sampling was conducted in a transitional lagoon "Pretočna laguna" (in size of 1.6 ha, depth 0.5-1 m) that connects an artificial Stjuža lagoon (11.2 ha) with the open sea (LIPEJ & MAKOVEC, 1997) (45° 31' 30" N, 13° 36' 20" E; Fig. 1 ). An artificial barrier protects Pretočna laguna from the open sea. In the past, it was used for mariculture (e.g. Sparus aurata, Dicentrarchus labrax, Mugil sp. and Anguilla anguilla; ANONYMOUS, 2015) . The water in Stjuža is shallow and its level is highly dependent on the tidal cycle (i.e. water 2012). Distribution extends from eastern North Atlantic in the north to the coastline of Mauretania in the south; i.e. from Norway and the United Kingdom to the Red and Mediterranean Seas (NGOC-HO, 2003) . It can be found down to 45 m of depth, where a mixture of sand, silt, clay and mud (DWORSCHAK, 1987a) is present. Mud shrimp usually digs a burrow up to half a meter long and about one centimetre wide with two entrances. Its tunnels are "Y" shaped and water flow through is ensured (DWORSCHAK, 1983) . Shrimps from this family are solitary and show aggressive intraspecific behaviour (RODRIGUES et al., 2000) .
In mud shrimps, sexual dimorphism becomes evident when animals are maturing. Males are larger and heavier than females, and their propods of first pereopod's pair are relatively larger and heavier (DWORSCHAK, 1988) . In males, however, hormonal disturbances induced by parasitism may sometimes result in female characteristics (cf. PASCAL et al., 2016) . Size of the animals is often dependent on the locality and its ecological parameters such as salinity, food limitation or incidence of parasitism (DWORSCHAK, 1988). In the Mediterranean, studies on the ecology of U. pusilla were conducted in the Northern Adriatic Sea (Lido di Staranzano, near the mouth of the Isonzo river, Italy; in the Lagoon of Grado, Italy; and the mud flat in Val Saline near Rovinj, Croatia by DWORSCHAK (1987b) (see also DWORSCHAK, 1981; 1987a; 1988; 2004) ), and in the Aegean (in the delta of Evros river; KEVREKIDIS et al., 1997) and Ionian (Dioni bay, Prefecture of Etoloakarnania; CONIDES et al., 2012) Seas in Greece. Not a single extensive study on species ecology exists for Slovenia. Our study was conducted at two localities: (1) a protected bay in Lazaret near Ankaran and (2) an artificial lagoon in Strunjan.
The purpose of this study was to investigate the seasonal abundance of U. pusilla in two coastal environments. Our goals were: 1) To document seasonal and vertical distribution and population structure of mud shrimps in the mediolittoral zone. 2) To describe the life history traits of the mud shrimp U. pusilla from a sheltered lagoon flows through Pretočna laguna, see Fig. 1 ). 
Fieldwork
Three sampling plots (1 m 2 each) were chosen at each sampling occasion, at (median plot), 50 cm below (lowest plot) and 50 cm above (highest plot) the mean sea level. We sampled on days with monthly lowest tides, following the hours of the low sea levels (LIČER et al., 2011; .
We sampled the substrate from the three plots at each locality for the determination of the size fractions. While sampling of the animals was carried out on a bi-monthly basis between October 2011 and September 2012 (Table 1) , sediment samples were collected once on April 6 th in Lazaret and on May 8 th in Strunjan. During each sampling occasion we estimated vegetation cover (mainly of Z. noltii) for each of the plots (estimated by naked eye with an additional grid positioned on the sampling plot to 5% accuracy). Air (measured directly above the plot) and water temperatures [°C] were recorded with a thermometer (±0.5 °C accuracy). We measured the temperature in the substrate of each plot at 10 cm depth in the same way. Mean air and water temperatures for each month were also collected from Slovenian Environmental Agency (LIČER et al., 2011; .
At the edge of each of the three sampling plots, a sample of water was collected for measurements of pH, salinity [‰] and oxygen levels [mg/l] that were conducted in a laboratory (Regional Institute of Public Health Koper) shortly afterwards. From the same three sampling plots, mud shrimps were collected, following DWORSCHAK (1988) and KEVREKIDIS et al. (1997) . For the mud shrimps sampling we used 30 cm long pitchforks with wide tooth that were pushed into the firm sediment and moved back and forth. This created alternating water flow in the burrows (cf. DWORSCHAK, 1988; KEVREKIDIS et al. (1997) . Since animals could burrow deeper tunnels (cf. DWORSCHAK, 1983) , we also stirred the plot with our feet to cause fleeing of the animals to the surface. There is a possibility that some shrimps remained deep inside the burrows. Nevertheless, since the method was always A B 
Laboratory work
Grain size distributions of the substrate were determined from dried sediment samples from three sampling plots of both localities. We used sieves with different mesh sizes (diameter of fractions: <0.05 mm, 0.05-0.1 mm, 0.1-0.2 mm, 0.2-0.5 mm, 0.5-1 mm, 1-2 mm, 2-75 mm) and we weighted each fraction. Salinity [‰] , pH and oxygen levels [mg/l] for each of the water samples were measured with the electrodes of the instrument Muti 3420 (Wissenschaftlich-Technische-Werkstäten).
For each animal sex (male/female) was determined by assessing the presence (female) or absence (male) of the first pair of pleopods, and the potential presence of embryos was determined on pleopods of females (hereafter referred to as ovigerous females). In rare cases when parasites or their signs were present, and this may affect the appearance of pleopods, the shape of first propodus prevailed in sex determination (males have relatively wider propoda; see DWORSCHAK, 1988: Figs. 1 and 2). We counted animals and measured their wet body mass (BM) (scale Kern Als, ±0.1 g accuracy).
With calliper (±0.1 mm accuracy), we measured carapace length (CL, from the eyes to the back edge of the carapace) and total body length (TL, from the eyes to the end of the telson) of each individual. Each animal was vouchered with a unique tag and samples were stored in 75% ethanol.
Statistical analysis
First, we calculated proportions of the substrate fractions and compared the composition of substrate between sampling plots within and between the two sampling localities. We also compared vegetation cover between the plots, localities and time of the year.
In total, 1180 animals were sampled, of which 1149 (97.4%: 658 from Lazaret and 491 from Strunjan) were included in the analysis of abundance. Monthly abundance of each gender category of mud shrimps (males, ovigerous and non-ovigerous females) were plotted to inspect the seasonal patterns of their occurrence at the locality and plot levels. In order to explain the influence of environmental parameters on the abundance of each gender category of mud shrimps in the mediolittoral zone, non-metric multidimensional scaling (NMDS, Euclidean distance) was used. Average values of sediment temperature, salinity [‰] and vegetation cover [%] from three plots for each sampling occasion were calculated before the analysis. From eight available environmental parameters (mean monthly sea temperature, sediment temperature measured in the field, mean monthly air temperature, air temperature measured in the field [°C] , pH, oxygen levels [mg/l], salinity [‰], vegetation cover [%]) a subset of parameters was included in the final NMDS analysis. The selected parameters were sediment temperature and salinity measured on the field while the other six parameters were excluded due to high level of constancy (pH), random effects (oxygen levels) and/or high correlations among the others (Spearman correlation coefficient). As some data were lacking for the first two months (October-November 2011), NMDS was conducted on samples from December 2011 on with the two selected parameters, and again with three available environmental parameters (mean monthly sea temperature, mean monthly air temperature, air temperature measured on the field) for all months. Minimum spanning tree was also plotted to inspect the connections between the closest pairs of samples in a multidimensional space. To inspect the correlation among pairs of environmental parameters and abundance of each gender category, Spearman correlation coefficients (ρ) were calculated.
Morphological traits (BM, TL, CL) were summarised by descriptive statistics for each gender category and locality (Lazaret, Strunjan) . Average values were tested for possible statistical differences between the two localities with One-way T-test (p < 0.05). We calculated the Pearson correlation coefficient (r) for the three morphological traits.
Fecundity ratio was determined as the ratio between the number of ovigerous females and the number of non-ovigerous mature females. As we did not study the development of gonads to determine maturity with certainty (DWORSCHAK, 1988) , only females with total body length equal to or longer than in smallest ovigerous female from our samples were considered adults (see DWORSCHAK, 1988) . In addition, we calculated the proportion of ovigerous females (i.e. of all adult females) in the total population. Approximation of incubation time was calculated from formula proposed by HILL (1977) : log I = -1.881 * log T + 3.826 (I = number of days; T = mean water temperature in °C; see also DWORSCHAK, 1988 1999 -2013) .
RESULTS
Environmental parameters
In Lazaret more than one third of substrate (~37%) was composed of large gravel (fractions larger than 2 mm in diameter), and additional quarter (~26%) was composed of fine sands (diameter: 0.1-0.2 mm), followed by fractions of silt (0.05-0.1 mm). In Strunjan, smaller fractions of fine sands (0.1-0.2 mm) and fractions of silt (0.05-0.1 mm) with ~27 % each were prevailing, followed by a smaller fraction of silt (< 0.05 mm; ~17%). Other fractions are represented in smaller percentages (Fig. 2a) . In Strunjan, proportion of the silt fraction was increasing towards lower mediolittoral zone, whereas in Lazaret higher substrate heterogeneity was recorded (Fig. 2b) .
Vegetation cover, consisted of Zostera noltii, changed through sucessive sampling periods and differed between the two sampling localities (Table 1) . Most of the time, the high sampling plots were poorly covered (< 20%). In general, less vegetation was present in Strunjan than in Lazaret during spring and summer (Table 1) .
We recorded the lowest air temperature in March 2012 in Strunjan (1 °C; mean March temperature: 9.9 °C; Table 1 ). From spring onwards the temperature was rising through the successive sampling occasions. On July 4 th 2012 at 6 am we measured the highest temperature: 24.9 °C (mean July temperature: 25.5 °C). No differences were recorded among the sampling plots within one sampling period. Similar seasonal pattern was observed in mean monthly sea temperatures (Fig. 3) and sediment temperatures measured in the field (Table 1) . For the latter, only small differences were detected between the plots (Table 1) .
Fig. 2. Proportions of sediment fractions based on particle diameter at (a) locality level and (b) plot level (L -Lazaret, S -Strunjan; min, med, max -sampling plots below, at and above mean sea level, respectively)
Most of pH measurements were between 7 and 8, with the only exception above 8 in late winter (February, March) at lowest plots (min, med) in both localities. During the winter months (December 2011 in Lazaret and January 2012 in Strunjan), highest differences among the three plots were recorded, with lower values of pH at higher plots. In spring (May 2012) values were generally the lowest (only slightly above 7, Table 1) .
Oxygen values [mg/l] were highest during winter months, with peak in February (Lazaret) and March (Strunjan) 2012 (Table 1: 11.18 mg/l in February and 8.54 mg/l in March). During late spring, summer and autumn months (May-September 2012) we recorded hypoxic (<2 mg/l) and almost anoxic conditions at some plots (Table 1) .
Seasonal and vertical abundance and density
We caught most animals in median and lowest plots in Lazaret. Numbers of animals were decreasing towards the highest plots in both locations. Highest abundance was recorded from late spring to early summer (June-July 2012), whereas lowest abundance was recorded from late autumn until early spring (November 2011-March 2012; Fig. 3 ). In October 2011 and in period from April-September 2012, we caught more than 100 animals per sampling occasion in both locations, while less than 50 were caught during each of all other occasions.
We recorded ovigerous females from April to July in both sites, with peak in June (Fig. 3) . Females represented more than 60% of the Lazaret's samples in June (Fig. 3) . Males were most prevalent in March 2012 (i.e. slightly above 60%), one month before ovigerous females appeared (Fig. 3) . In Lazaret, ovigerous females were most abundant in median and lowest plots and were not yet recorded at highest plot in April 2013. Regardless of gender, animals were particularly scarce in highest plots during the coldest part of a year (November 2011 -March 2012 . During all sampling occasions, we recorded some animals at least in lowest plots. Higher plots in Lazaret (mean values for males (min : med : max) = 54% : 38% : 8%; females = 53% : 44% : 3%; ovigerous females = 52% : 38% : 10%) were always less occupied than in Strunjan (males = 38% : 32% : 30%; females = 52% : 26% : 22%; ovigerous females = 44% : 34% : 22%). Abundance of each gender category from both sampling sites corresponds to environmental parameters well, as shown by non-metric multidimensional scaling analysis (Fig. 4) . Ten samples from December 2011-September 2012 clustered into four groups that we classified by reproductive activity (Fig. 4) . Salinity almost exclusively characterises the first axis (higher salinity on the left), and sediment temperature was changing mostly along the second axis (Table 2) . During 'main reproductive period', water and air temperatures were high, while pH, salinity and levels of oxygen were low (Table 1) . In 'early reproductive' and 'post-reproductive' periods, in April and August-September, respectively, environmental parameters were mainly similar. During 'non-reproductive' season, temperatures were lowest, but vice versa pH, salinity and levels of oxygen were highest (Table 1) .
Lowest vegetation cover also characterised this period. In repetition of analysis with all twelve samples but only with three environmental variables (mean monthly sea temperature, mean monthly air temperature, air temperature measured in the field; see Table 1 ), clusters remained the same: sample from October 2011 clustered with samples from post-reproductive period, and sample from November 2011 clustered together with samples from non-reproductive period. Spearman correlations among pairs of variables and of those with abundance of animals are in Appendix A.
Size, weight, fecundity and incubation period
On average, size (TL, CL) and weight (BM) of males, non-ovigerous females and ovigerous females was smaller in Lazaret than in Strunjan (Table 3) . Except for ovigerous females (one way T-test, p = 0.095) the differences were statistically significant (p < 0.001) between the two Most common 2 mm size classes of total length in males and non-ovigerous females were from 30 to 32 mm in Lazaret, while in Strunjan the most common size class in males was from 40 to 42 mm, and from 36 to 38 mm in nonovigerous females. In ovigerous females, size classes from 32 to 34 mm and 38 to 40 mm were most common in Lazaret and Strunjan, respectively (Fig. 5) . Frequency distributions of 5 mm size classes for each sampling occassion are shown in Appendix B.
Fecundity ratio increased from early reproductive period in April until its peak in June, and decreased by July (Table 4) . At first, no ovigerous females were present at highest plots, however the fecundity ratio slowly increased at all plots as the reproductive season proceeded. In addition, the proportion of ovigerous females slowly increased from April to June. In June 65 % of adult females were ovigerous (Table 4) ; the proportion of ovigerous females decreased afterwards. Except for the first and last month of the reproduction (April, July), vast majority of adult females are ovigerous in between (May, June). In July, approximately every second adult female were ovigerous (Table 4) . We calculated that first offspring hatched at the end of May and the last one in second half of July (Table  5) . Mean incubation time in mud shrimps from Slovenia lasted for 31 days. 
DISCUSSION
The present study is the first to study the occurrence of mud shrimps below and above the mean sea level, i.e. at the highest limit of their occurrence. There is a well expressed seasonal dynamics in abundance in the mediolittoral zone, with some differences in altitudinal abundance, as well as differences between the two study localities. Due to difficulties of sampling we had to sample during low tide levels in order to reach the lowest plots. Since the time of the tides varied substantially among the sampling occasions (cf. LIČER et al., 2011; , we focused on seasonal rather than diurnal dynamics.
Seasonal pattern in abundance, densities, sexual ratio and reproductive period was evident between the two localities and among plots. Abundance varied more by season than between localities. The seasonal patterns were clear despite (1) the recorded differences in substrate and vegetation cover, (2) the distance (12 km) and (3) bimonthly samplings in alternations between both localities. Hence, the time pattern in abundance corresponded well to seasonality and time changes in abiotic and biotic conditions reported in previous studies (DWORSCHAK, 1988; CONIDES et al., 2012). Although mud shrimps inhabit different sediment types, they appear to prefer sediment of smaller particles (DWORSCHAK, 1987a; KEVREKIDIS et al., 1997) . Nevertheless, as in other studies, we cannot derive direct correlation between the mud-shrimp density and sediment size; we only noticed higher densities at lower plots where smaller particles (fine sands and silt) prevailed. Higher densities at these plots can also be related to the pattern of vertical distribution; in lowest plots, the water persists for most of the time so the food there is more abundant [for Upogebia pugettensis (Dana, 1852), see
All environmental parameters included in our statistical analysis correlate well with seasonal abundance of mud shrimps. Reproductive period that lasts from early April until late July thus coincides with lower values of pH, oxygen and salinity, higher temperatures and well expressed vegetation cover (especially of Zostera noltii). The duration of reproductive period is highly dependent on the temperature cycle of the biotope; for the Mediterranean region, DWORSCHAK (1988) reports presence of ovigerous females from March to July. Higher oscillations in abiotic parameters in the Northern Adriatic Sea are predicted to be the main reason for shorter reproductive period than in the Central or Southern Adriatic (FERRARESE et al., 2009) . Furthermore, mud shrimps are sensitive to longer periods of hypoxia that together with eutrophication caused the dramatic decrease of population on the coast of the Black sea in Bulgaria (TODOROVA & KONSULOVA, 2000) . Moreover, pH values and oxygen levels inside the tunnels were found to be very different from those in the open waters or in sediment close to the bottom (DWORSCHAK, 1987a) . Although GRBEC et al., 2007, see Table 1 ) it was almost as high as in water analysis from Rovinj in NW Croatia (DWORSCHAK, 1988) . It was also higher than the optimal value reported for the adults (~26‰) but close to the optimum reported for larval development (~35‰; see DWORSCHAK, 1988) .
Similar as in the study from northern Greece (KEVREKIDIS et al., 1997) , animal density was highest in the warmest and lowest in the coldest part of the year. Density increased in the period from spring until summer and decreased from late summer onwards. The density coincides best with mean monthly sea and sediment temperatures ( Fig. 3 and 4) ; high positive correlations were detected among them. Small numbers of collected animals during 'non-reproductive' period can be explained by: 1) animals burrow themselves deeper in the sediment during the cold period, 2) migrations between areas may influence the lower number of animals sampled during the winter or 3) the mortality rate during winter is high. Due to difficulties in sampling it is almost impossible to establish which of the scenarios is the most likely the one. In Greece, CONIDES et al. (2012) estimated 0.93 rate of overall natural mortality per year. Nevertheless, also in the latter case the actual reason for high estimate of natural mortality could have stayed hidden.
Temperature and salinity are most often reported as key factors influencing population structure and activity patterns. Both factors also cause the disturbance for different species in brackish environments (KAISER et al., 2011) . Towards the northern geographic latitudes mean temperature is decreasing which can represent a stress factor for animals -also mean size in U. pusilla coincides well with geographic latitude. Both mentioned factors along with the issues related to the sampling procedures led to a different population structure at different localities (cf. LAPRISE & DODSON 1994) . We also have to consider a different pressure by fishermen on adult U. pusilla at both localities (Lazaret and Strunjan). In the Mediterranean, the animals (expressed as total body length) are largest in Greece (KEVREKIDIS et al., 1997) and smallest in the Northern Adriatic (DWORSCHAK, 1988) . Mean size of mud shrimps from Slovenian coast exceed only the size of animals from Rovinj, located only ca. 50 km to the south. High oscillation and decrease in salinity during reproductive period seem to affect the animal growth negatively and may delay the development and metamorphosis in larvae (COSTLOW & BOOKHOUT, 1971) . CONIDES et al. (2012) reported the reduced ability of food intake and its digestion in such conditions. In Rovinj (DWORSCHAK, 1988) , mud shrimps are most probably smaller due to sheltered bay and less inflow of nutrient rich water from the open waters. The difference in shrimp size between the two Slovenian localities could be explained by habitat characteristics. Smaller size in lagoon environment (Strunjan) should be expected due to high oscillations of environmental factors such as temperature, salinity and also oxygen availability (cf. CONIDES et al., 2012) . However, mud shrimps from Lazaret proved to be smaller. We believe this is the result of harvesting of the mud shrimps by fishermen as according to our observation, mud shrimps were much more exploited in Lazaret than in Strunjan (JUGOVIC & HORVAT, unpubl.) . Fishermen generally try to collect larger animals that are more useful as bait and are also much easier to detect (cf. CONIDES et al., 2012) .
Vertical distribution of mud shrimps shows differences particularly in the abundance of ovigerous females between the two localities. Their density was similar across the three plots in Strunjan, and ovigerous females were constantly present at highest plots. In Lazaret, however, density was much lower at highest plots. The difference in duration in tides and their amplitude between Strunjan and Lazaret may have important influence on the animal densities. In Lazaret areas are exposed for longer periods which may have an effect on the shrimps on higher plots, while the lagoon in Strunjan minimizes the tidal differences. Moreover, the size differences in animals between both localities imply that larger animals in Strunjan may be able to build deeper burrows and are therefore more prone to survive the exposure to low tides, and are also harder to collect by fishermen. Although we have seen fishermen collecting mud shrimps in both localities, we believe that in Strunjan is harder to efficiently collect animals than at the locality near Lazaret. Additionally, less fishermen collect mud shrimps in Strunjan as this is a Natura 2000 site (see above).
Despite the sampling difficulties, we do not believe the abundance of animals estimated from collected animals was much affected by the sampling technique. The abundance of animals however was also calculated from additional counting of the burrow openings from the same sampling plots (HORVAT, 2013) and these latter estimates roughly matches to estimates of abundance derived from sampling method used in present study. As lower oscillations in environmental parameters are predicted for deeper waters, it is no surprise that densities of ovigerous females and their fecundity rates are higher at lowest plots, especially when these are distant from shallower areas.
CONCLUSIONS
We documented seasonal and vertical distribution and population structure of mud shrimps in the mediolittoral zone of the Slovenian coast, showing highest abundance in the warm part of the year (maximum in June), when ovigerous females and most of the offspring were present (April-July). Highest densities were detected at the lowest plots, which are with the exception at the time of lowest monthly tides constantly underwater. Mean duration of the incubation period was estimated to be 31 days. Finally, seasonality well reflected the changes in abiotic factors among the seasons. 
